Introduction
============

Diabetes is a widespread medical problem in modern society. In China, 92.4 million patients have been diagnosed with diabetes, and 148.2 million adults with prediabetes have been reported [@B1]. Diabetic foot ulceration, which dramatically affects quality of life and can be life-threatening, is an important complication of diabetes [@B2]. The incidence of diabetic foot ulceration patients with diabetes is approximately 1.7-11.9%, according to various investigations [@B3]. About 15% of patients with diabetes have a tendency to develop diabetic foot ulcers throughout life [@B4], and therefore it is an important consideration in the clinical management of diabetes.

Published data have demonstrated that mesenchymal stem cell (MSCs) can be introduced into cardiomyocytes, which opens up a new research direction for the treatment of myocardial infarction [@B5]. MSCs have also been shown to repair glomerular cells damaged by acute renal failure, which could be of clinical significance in the restoration of renal function [@B6]. In another study, investigators transformed MSCs into neurons under certain conditions [@B7], [@B8]. All these findings provide potential clinical use for MSCs, which might be applied to the treatment of diabetic foot ulceration; however, very little research has focused on the underlying mechanisms of cellular repair in diabetic foot ulcers.

In this study, we injected hMSCs-UC via the left femoral artery in a rat model for diabetes. We assessed the mobilization and localization of hMSCs-UC in diabetic foot ulcers using antigenic differences in HLA-1 between human and rat. To further understand the potential mechanisms of repairing diabetic foot ulcers, we analyzed matrix (collagen I & III) and cytokeratins (CKs) 10 and 19 released by MSCs. We demonstrated that hMSCs-UC localized superficially in ulcerated tissue, promoting the release of CKs and stimulating tissue repair in diabetic foot ulcers.

Methods
=======

Experimental animals
--------------------

Adult male Sprague-Dawley (SD) rats (180-220 g) were purchased from Chinese Shanghai SLAC Laboratory Animal Co Ltd (grade: clean, license: SCXK 2011-0005) and used to establish a rat model for diabetes. All rats were maintained on a 12-hour light cycle in the animal facility of the second affiliated Hospital of Harbin Medical University. Experimental protocols used in this experiment were previously approved by the Institutional Animal Care and Use Committee of the School of Medical Science, Harbin Medical University. All animal experiments were conducted in accordance with the "Principles of Laboratory Animal Care" (NIH publication no. 85-23, revised 1985; <http://grants1.nih.gov/grants/olaw/references/phspol.htm>), as well as with specific national laws where applicable.

Reagents, software, equipment
-----------------------------

Streptozotocin (STZ, Sigma, St Louis, MO, USA) was use to induce diabetes in the rat model. Blood-glucose meter and test strips were purchased from Bayer Medical Care Co Ltd (Leverkusen, Germany). Blood glucose levels in diabetic rats were maintained by injection of protamine zinc insulin (Wan-Bang Biochemical Medicine Co. Ltd., Xuzhou, China). The hMSCs-UC was provided by Jing-Meng Stem Cell Technology Co. Ltd. (Beijing, China). All other chemicals for cell culture were purchased directly from routine commercial sources.

Primers for HLA-I (Sheng-Gong Biotech, Shanghai, China) were used in RT-PCR. For immunohistochemistry, we used polyclonal rabbit anti-rat collagen type-1, collagen type-III, and CK10 antibodies (Boster Biological Technology, Wuhan, China) and monoclonal rat anti-human CK19 antibody (ZSGB Biotech, Beijing, China). Moloney murine leukemia virus reverse transcriptase (Mo-MLVRT; Sheng-Gong Biotech, Shanghai, China) was prepared at a dilution of 50 units/μl in 5x Mo-MLVRT buffers, with oligo d (T) and OD: 1:0. Histological/pathological analysis was carried out using imaging software (BA2000; Motic, Richmond, Canada). Other equipment utilized included a MyCycler^TM^ PCR (Bio-Rad, Hercules, USA), a gel imaging analysis system (GIS-3000, Hema Medical Instruments, Guangdong, China), and a cell culture incubator (Binder, Tuttlingen, Germany).

Model for diabetic foot ulceration in rats
------------------------------------------

Sixty rats were fasted and deprived of water for 10 hours, injected once intraperitoneally with 55 mg/kg of STZ, and then given free access to food and water. One week after injection with STZ, we used the following criteria to select successful rat models for diabetes [@B1] fasting blood glucose over 16.7 mM; [@B2] glucose levels well-controlled (20-25 mmol/l) by 2-12 units/day of insulin. To create a model for diabetic foot ulcers, we made a 4 × 4 mm empyrosis on the dorsal hind foot of the diabetic rats at 10-12 weeks after treatment with STZ. To create a successful model for diabetic foot ulcers, this procedure was repeated until the ulceration/wound induced by empyrosis did not heal, or demonstrated delayed healing, for at least 14 weeks [@B9], [@B10].

Preparation of hMSCs-UC
-----------------------

hMSCs-UC were cultured in medium containing 90% DMEM-F12 (Sigma, St Louis, USA), 10% umbilical cord blood plasma collected from different individuals with an identical blood type (Sigma, USA), 2.0 mmol/l glutamine (Sigma, USA), 100 units/ml penicillin-streptomycin-neomycin (PSN) antibiotic mixture (Sigma, USA), 5 ng/ml epidermal growth factor (EGF, Sigma, USA), and 2 ng/ml of fibroblast growth factor (bFGF, Sigma, USA). hMSCs-UC were stored at -80ºC and were recovered by transferring to a 37°C water bath with gentle shaking, followed by centrifugation at 37°C. The supernatant was discarded and the hMSCs-UC were re-suspended in 5 ml complete culture medium, transferred into tissue culture flasks, and cultured at 37°C, 5% CO~2~in a humidified environment for 24 hours.

For continuous cell culture of hMSCs-UC, the adherent hMSCs-UC were washed with Ca^2+^-free and Mg^2+^-free PBS and transferred into a petri dish containing culture medium with 0.05% trypsin-EDTA at \~22°C for 1-2 min. An equal volume of culture medium was added and gentle aspiration was used to separate cells. This cell suspension was transferred into a 15 ml tube and centrifuged at 1200 rpm for 5 min. The supernatant was removed and the pallet of hMSCs-UC was then re-suspended in the appropriate volume of culture medium.

6.0 × 10^3^/cm^2^ of hMSCs-UC were plated onto petri dishes for continuous cell culture at 37°C, 5% CO~2~ in a humidified environment. Under these culture conditions, cells grew to confluence by 3-4 days, and further passage was required before using the cells. For identification of particular biological properties of MSCs, flow cytometry was used to detect and quantify expression of CD44, CD73, and CD90 (Figure [1](#F1){ref-type="fig"}). The details for cytometry testing are: (1) hUC-MSCs were digested by trypsin (0.05% + 0.04% EDTA); (2) Cell suspension was centrifuged at 1400 rmp for 10 min; supernatant was discarded and re-suspended by using 300 μl PBS; (3) Every 100 μl of above cell suspension was labeled as negative control, sample 1, and sample 2 and incubated with antibodies (see details below) at room temperature (\~22°C) avoiding light exposure for 20 min. Before cytometry testing, 2 μl IgG1-FITC and IgG1-PE was added into negative control; 2 μl CD90-FITC, CD105-Percp, CD-44-PE, and HLA-DR-APC were added into sample 1; 2 μl CD29-APC, CD45-FITC, and CD73-PE were added into sample 2. All antibodies used in this testing are rat against human antibody (BD Biosciences, Franklin Lake, NJ, USA); (4) 1.0 ml PBS was added into each tube and centrifuged at 1200 rmp for 6 min; and then discarded the supernatant and added another 400 μl PBS for re-suspension for cytometry testing (FACScalibur^TM^; BD Biosciences; Franklin Lake, NJ, USA).

Administration of hMSCs-UC to diabetic rats
-------------------------------------------

Twenty-seven diabetic model rats with foot ulceration were randomly selected and anesthetized with and intraperitoneal injection of 4% chloral hydrate (Tianjin Chemical Reagent Co., Tianjin, China) at 0.5 ml/100g body. After the rats were completely relaxed, we bluntly dissected the left femoral artery and administered 2.0 × 10^6^ hMSCs-UC/rat through left femoral artery. The rats with diabetic foot ulcers were sacrificed at 3 days (D3), 7 days (D7), and 14 days (D14) after administration of hMSCs-UC. After sacrificing the rats, the feet with diabetic ulcers were collected and cut vertically along the center line of ulceration. Half of each foot was stored immediately at -80°C for detection of human leukocyte antigen-I (HLA-I) by RT-PCR, and the other halves were fixed in 4% chloral hydrate for hematoxylin and eosin (HE) staining and immunohistochemical analysis.

Detection of HLA-I by RT-PCR
----------------------------

For total mRNA extraction, ulcerated tissues (weight 100 mg) were ground with liquid nitrogen, then add 800 ml TRIzol®, and 300 ml of CHCl~3,~shake well and centrifuge at 12,000 rpm for 10 min. Supernatant (600 ml) was collected, add equal volume of isopropyl alcohol, and the mixture was centrifuged again under the same conditions; Removed the supernatant, the precipitate was washed by 600 ml of 75% ethanol prepared with Diethylpyrocarbonate (DEPC) water, and centrifuge for an additional 10 min. Discarded the supernatant and the ethanol was evaporated at RT for 5 min, then the precipitate was dissolved by 21 μl DEPC water. For reverse transcription***:*** I μg total mRNA with 1.0 μl of oligo d (T) was transferred into a clean tube at 70°C for 5 min, the extracted mRNA was reverse transcribed to a cDNA template with 1.0 μl dNTP, 0.5 μl RNase Inhibitor, 0.5 μl reverse transcriptase, and 5 μl buffer. For cDNA amplification by RT-PCR, glyceraldehyde 3-phsophate dehydrogenase (GAPDH, forward: 5\'-ACATACTCAGCACCAGCATCACC-3\' and reverse: 5\'-CAAGTTCAACGGCACAGTCAAGG-3\') was used as an internal control. The sequences for both forward and reverse primers of HLA-I (NM_002116.7) were 5\'-GCCTACGACGGCAAGGATTAC-3\' and 5\'-ATGGTGGGCTGGGAAGACAG-3\', respectively (Sheng-Gong Biotechnology, Shanghai, China). The protocol for PCR amplification was set at 94°C for 1 min (1 cycle), followed by 94°C for 30 sec, -59°C for 30 sec, and -73°C for 30 sec for 25 cycles, and then 72°C for 7 min (I cycles). The product size of HLA-I was 497 bp.

Histological analysis of diabetic foot ulcerative tissue
--------------------------------------------------------

Tissue was collected from either control or treated rats, fixed with 4% paraformaldehyde for 48 hours, embedded in paraffin, and sectioned at 4.0 μm. After de-waxing twice for 5 minutes with dimethylbenzene, the tissue slices were dehydrated by successive concentrations of ethanol (100%, 95%, 90%, and 80%) for 5 minutes at each concentration. Finally, the tissues were washed twice in distilled water for 5 minutes each wash. After hematoxylin staining for 5 minutes, tissue slices were washed in water, treated with 0.1-1.0% hydrogen ethanol for 30 minutes and immersed in water for 15 minutes. The tissues were then H&E stained for 5 minutes, washed for 3 minutes, dehydrated and tissue transparent again with ethanol (80%, 90%, 95% and 100%) for 5 minutes each and dimethylbenzene for 15 minutes. Finally, the tissue slices were sealed rapidly with nature balsam and cover slips for microscopic analysis.

Immunohistochemical analysis of diabetic foot ulcerative tissue
---------------------------------------------------------------

After fixing, embedding in paraffin, and dewaxing, the tissue slices were blocked using 3% H~2~O~2~. For Immunostaining, the tissue was incubated with primary antibodies (primary) against collagen type-1 (1:100 dilution), collagen type-III (1:50 dilution), CK10 (1:50 dilution), and CK19 (1:100 dilution), at 4°C overnight, respectively, followed by anti-rabbit IgG (secondary) for 20 minutes. After hematoxylin staining, tissue slices were washed for 10 minutes and then dehydrated with ethanol, treated with dimethylbenzene, and sealed for microscopic analysis [@B11]-[@B13].

Data acquisition and statistical analysis
-----------------------------------------

In this study, the levels of expression of collagens and CKs at different time points in control and treated groups were quantified by standard validation as described in detail previously [@B14]. The expression levels were presented as negative expression (-), positive expression \< 25% (+/-), positive expression \< 50% (+), positive expression \< 75% (++), and positive expression \> 75% (+++). The size of ulcerative area was measured as the product of the shortest and longest axes of the ulcer and presented in mm^2^. The average data were expressed as mean ± SD. Data were analyzed by the Wilcoxon rank-sum test, the Kruskal-Wallis H test, the chi-square test, and the *t*-test where appropriate using SAS v9.1 software. *P* values less than 0.05 between the control and treated groups were considered to be statistically significant.

Results
=======

Rat Model for Diabetic Foot Ulceration
--------------------------------------

The model for diabetic food ulceration was duplicated in 54 out of 60 rats (90% success rate). Half of the model rats (*n*= 27, treated group) received hMSCs-UC (2.0 × 10^6^ cells/rat). The other half of the model rats (n = 27, control group) were treated with the same volume of saline. At day 3 (D3) post-treatment, the size of the foot ulcers were somewhat enlarged in the group that had received hMSCs-UC (Figures [2](#F2){ref-type="fig"} & [3](#F3){ref-type="fig"}, 24.8 ± 4.2 mm2 in the control group vs. 28.6 ± 3.4 mm^2^ in the treated group). However, by day 7 (D7) post-treatment, the size of the foot ulcers was significantly reduced in the group that received hMSCs-UC (26.6 ± 4.1 mm^2^ in the control group vs. 21.2 ± 3.25 mm^2^ in the treated group, *P* \< 0.01). By day 14 (D14) post-treatment, the size of foot ulcers in the mice treated with hMSCs-UC were further reduced (27.7 ± 4.8 mm^2^ in the control group vs. 14.7 ± 3.9 mm^2^ in the treated group, *P* \< 0.001). In the control group, the size of the foot ulcers increased further during the 14 days of observation.

Identification and Localization of hMSCs-UC
-------------------------------------------

We analyzed the expression of HLA-I, as an indicator of the presence of hMSCs-UC, in ulcerative tissue compared with the expression in liver and kidney in the same rats [Supplemental Figure 1](#SF1){ref-type="supplementary-material"}. Expression of HLA-I was also compared among the model control rats (C) that had received saline and the hMSCs-UC treated model rats. The localization of HLA-1, as an indicator of hMSCs-UC, was monitored for 14 days after hMSCs-UC were administered to the treated group (Figure [4](#F4){ref-type="fig"}). Our results demonstrated the expression of HLA-I in diabetic foot ulcers at 3 days (D3), 7 days (D7), and 14 days (D14) after treatment with hMSCs-UC. The expression levels of HLA-I were 10-50 fold higher compared with the control group, and HLA-I expression was not detected in the model group. Under the same experimental conditions, HLA-I expression was not observed in the liver or kidneys at any time points in the treated group [Supplemental Figure 1](#SF1){ref-type="supplementary-material"}.

Morphological Changes in Diabetic Foot Ulceration
-------------------------------------------------

The expression of HLA-I in ulcerated tissue, but not in other locations such as liver or kidney [Supplemental Figure 1](#SF1){ref-type="supplementary-material"}, strongly indicated that the hMSCs-UC are localized specifically to the foot ulcerative tissue. The localization of hMSCs-UC could result in beneficial morphological changes in the repair of diabetic foot ulcers. In H&E stained tissues, at different time points we observed changes including proliferation of inflammatory cells, newly or aged granulation tissue containing newly developed blood vessels, and simple or stratified epithelium or stratified squamous epithelium (Figure [5](#F5){ref-type="fig"}). Compared with model control rats (Figure [5](#F5){ref-type="fig"}A-C), rats treated with hMSCs-UC showed significant increases in inflammatory cells and newly developed or aged granulation tissue with newly developed blood vessels at D3 and D7 post-treatment (Figure [5](#F5){ref-type="fig"}D & E, indicated by arrows). Stratified squamous epithelium was also increased at D14 in treated rats (Figure [5](#F5){ref-type="fig"}F, indicated by \*), but was not observed in model rats.

Expression of Collagen type-I and type-III
------------------------------------------

Collagens are mainly expressed and distributed in the dermis of the skin, and are closely associated with the repair of injured skin. The ratio of collagen type-I/ type-III is another factor to evaluate the healing of ulcerative tissue. Our data showed that the expression of both collagen type-I (Figure [6](#F6){ref-type="fig"}) and type-III (Figure [7](#F7){ref-type="fig"}) were markedly increased (*P*\< 0.05, Table [1](#T1){ref-type="table"}) after treatment with hMSCs-UC in a time-dependent manner (Figure [6](#F6){ref-type="fig"}D-F and Figure [7](#F7){ref-type="fig"}D-F, indicated by \*) compared with model control rats (Figure [6](#F6){ref-type="fig"}A-C and Figure [7](#F7){ref-type="fig"}A-C). Importantly, the data also showed that the ratio of collagen type-I/type-III progressively increased in a time-dependent manner in both model control and treated rats at D7 or D14, but the increase was less dramatic in the rats treated with hMSCs-UC. At D7, the collagen type-I/type-III ratio was 1.41 ± 0.18 in the model group and 1.07 ± 0.15 in the treated group, and both were increased (*P*\< 0.05 for both) compared with D3 (0.96 ± 0.20 in the model group and 0.78 ± 0.15 in the treated group). The increase in the ratio of collagen type-I/type-III for the treated group was less dramatic compared with the model group (*P* \< 0.05). Interestingly, further increase in the collagen type-I/type-III ratio was statistically significant only in model rats at D14 (1.94 ± 0.9, *P* \<0.05 vs. D7 model). The ratio was slightly increased at D14 in the treated group (1.12 ± 0.14) but it was not markedly different than the D7 treated group (*P* \> 0.05); thus, the collagen type-I/type-III ratio was significantly smaller in the D14 treated group than in the D14 model group (*P* \< 0.01).

Expression of CK10 and CK19
---------------------------

CK10 is the end product of epidermal cell differentiation in the superficial layer of the skin and shows a positive expression in mature skin; therefore, CK10 is a valuable biomarker of functional maturity for epidermal cells. In the current study, expression of CK10 was almost undetectable in ulcerative tissue either in model rats or in hMSCs-UC-treated rats throughout the 14 days after treatment (Table [1](#T1){ref-type="table"}). CK19 (Figure [8](#F8){ref-type="fig"}) is secreted by epidermal stem cells located in the basal layer of skin and is temporally expressed in the early stages of epidermal stem cell differentiation; therefore, CK19 could be considered a useful biomarker for epidermal stem cells. Interestingly, CK19 was dramatically expressed in hMSCs-UC-treated rats compared with model rats (*P*\< 0.01). In the rats treated with hMSCs-UC, CK19 expression was up-regulated in a time-dependent fashion (Table [1](#T1){ref-type="table"}).

Discussion
==========

Major findings
--------------

In this study, we used a well-accepted diabetic rat model in combination with treatment with human mesenchymal stem cells from umbilical cord matrix (hMSCs-UC). Using this model, we demonstrated for the first time that, within a short period of time after treatment with hMSCs-UC, these cells specifically targeted to the foot ulcerative tissue, and not to other tissues. This localization was detected by the positive expression of the human leukocyte antigen class I (HLA-I) only in the foot ulcerative tissue in these diabetic rats (Figure [4](#F4){ref-type="fig"}). Associated with the localization of the hMSCs-UC was significant and progressive restoration of normal tissue structure in the diabetic foot ulcers, demonstrated by a dramatic reduction in the measured size of ulceration in hMSCs-UC-treated rats compared with model control rats. The novel finding provides further evidence of targeting of hMSCs-UC treatment and is strongly supported by the finding that Wharton\'s jelly from umbilical cord blood could be transformed into a variety of cell types under certain conditions [@B9], [@B10]. The data collected from this study are consistent with the therapeutic effects of human stem cells on myocardial infarction [@B11]. These results also provide a practical, reliable unique method for tracking hMSCs in vivo, by detecting HLA-I as an indicator of the presence of hMSCs in animal tissues.

Significance and potential clinical impact
------------------------------------------

It has been well documented that cells from Wharton\'s jelly from umbilical cord blood are able to be transformed into different cell types, including adipocytes, muscular cells, epidermal cells, neurons, islet secreting cells, and even endothelial cells [@B9], [@B10]. Because hMSCs-UC are rich, easy to collect, and proliferate up to 4X the number of cells within 3-5 days in appropriate culture conditions in vitro [@B9], it is possible that they could be produced on a large-scale. The most important advantage of hMSCs-UC is their very low Immunogenicity, which provides potential clinical benefit to patients.

Increasing evidence has shown that hMSCs-UC can differentiate into neurocyte-line cells [@B15]-[@B17], which is supported in this study by the expression of CD44, CD73, and CD90 in our preparations of hMSCs-UC. There is compelling evidence that hMSCs-UC may represent a promising tool in regenerative medicine, as recently demonstrated for endoderm-derived organs (such as liver) in human subjects, and also due to their immunomodulatory features compared to other MSC preparations [@B18]. Recent published reports have confirmed the therapeutic effectiveness of hMSCs-UC in patients with myocardial infarction [@B11], lung disorder [@B19], patients with neurorestoration [@B20], kidney injury [@B21], and bone defects [@B22]. hMSCs-UC have been utilized in a small-scale study of type 2 diabetes mellitus patients with diabetic foot disease [@B23] focusing on the immune disorder that accompanies diabetes. However, the majority of studies regarding hMSCs-UC are limited to clinical investigations and the underlying mechanisms by which hMSCs-UC mediated restoration of tissues have not been elucidated. In the current study, we not only explored the specific localization of hMSCs-UC in diabetic foot ulcerative tissue in a rat model of diabetes, but also further validated the potential mechanisms involved in repair of diabetic foot ulcers. We have not determined whether hMSCs-UC secrete growth factors that stimulate wound healing in diabetic foot ulceration or if they differentiate into epidermal stem cells to restore normal tissues.

Human leucocyte antigen (HLA) and tracking of hMSCs-UC in vivo
--------------------------------------------------------------

According to this data, hMSCs-UC participates in the restoration process in diabetic foot ulcers in diabetic rat model. This observation is supported by the fact that hMSCs-UC specifically localized to the targeted area in a time-dependent manner and significantly reduced the size of foot ulcers in diabetic rats treated with hMSCs-UC compared with control rats. At this point, there is still a question in this field of study as to how to effectively monitor the localization of hMSCs-UC in a targeted area over time. To answer this question, studies been performed using superparamagnetic iron oxides (SPIO) to mark hMSCs-UC in combination with an MRI technique [@B14]; however, the MRI signal becomes weaker with the progressive differentiation of hMSCs-UC in the target tissue in the animal model, and therefore this method is not suitable for long-term observation. A recent study showed that higher dose SPIO labeling is stable for long-term MRI detection, but the labeling may limit the multi-lineage potential of hMSCs and affect their survival under serum and oxygen withdrawal [@B24]. The daily clinical usage of gadolinium (Gd) based contrast agents in magnetic resonance imaging is limited because of its nephrogenic toxicity [@B25]. Fluorescent dye-labeled hMSCs have a relatively low penetration capacity, and are therefore not effective for clinical use [@B26]. In vivo tracking of hMSCs-UC has still been a technical barrier to the use of hMSCs in research and clinical investigations.

In recent reports, human leukocyte antigens (HLAs) have been used as a genetic marker to track platelet recovery and survival [@B27] and human migration [@B28]. The use of HLA as a genetic marker is commonly utilized for differentiation of blood types [@B29]. HLA may also be used as marker to track hMSCs-UC in vivo. Surprisingly, our hypothesis was well supported by the fact that human HLA from hMSCs-UC was only detected in foot ulcerative wound areas (Figure. 4) in diabetic model rats, but not in liver or kidney [Supplemental Figure 1](#SF1){ref-type="supplementary-material"}. This finding suggests that hMSCs-UC effectively and specifically localize to the target area under these experimental conditions. In addition to localization of hMSCs-UC to the ulcerative area, the significant healing of foot ulceration in the treated rats compared with control rats is compelling evidence showing a positive effect of hMSCs-UC on diabetic foot ulcers. The use of HLA for tracking hMSCs has not been previously reported, and is a promising technique due to its antigenicity [@B30] and individual variability [@B31]. However, future studies will be necessary to analyze the effectiveness of this technique.

The potential mechanisms for hMSCs-UC in wound healing
------------------------------------------------------

CK19 is a protein secreted from epidermal cells located in the basal layer of skin [@B32]. The highest expression of CK19 is in fetal basal epidermal cells and the lowest, almost negative, expression is in adults [@B33]. CK19 is expressed in epidermal stem cells, but as the epidermal cells differentiate, the expression of CK19 is reduced and replaced by other CKs. Therefore, CK19 serves as a marker to monitor the proliferation and differentiation of epidermal stem cells [@B34]. There is a dynamic balance between proliferation/differentiation of epidermal stem cells and the sloughing off of keratinized epidermal cells [@B35]. CK10 can serve as a marker for mature skin because it is highly expressed in the outermost layer of keratinized epidermal cells [@B36], and the expression of CK10 is very weak or negative in newly repaired epidermis [@B37]. Our observation is consistent with the above notion in that CK19 expression is increased in our model with no change in expression of CK10 (Figure [8](#F8){ref-type="fig"}, Table [1](#T1){ref-type="table"}), suggesting that epidermal stem cells play a role in foot ulcer repair (Figure [4](#F4){ref-type="fig"}). However, it remains unclear whether the healing of diabetic foot ulcers in our model is due to direct stimulation by hMSCs-UC, release of growth factors by hMSCs-UC, hMSCs-UC-mediated proliferation/differentiation of epidermal stem cells or the combination effects of both hMSCs-UC and epidermal stem cells.

Collagens distributed in the dermis (corium layer) are key players in the repair of injured skin [@B38]. Animal studies have shown that collagen type-I and type-III are significantly increased during skin transplantation when hyaluronic acid is added to the skin graft and that the ratio of collagen I/III is dramatically decreased at the same time, which creates favorable conditions for the reconstruction of the dermis during wound healing in the skin [@B39]. Therefore, collagen type-I and type-III may also be considered to be biomarkers for mutual and un-mutual dermis [@B40], respectively. Accordingly, in our study, collagen type-I and type-III were both up-regulated significantly (Figure [6](#F6){ref-type="fig"} & [5](#F5){ref-type="fig"}, Table [1](#T1){ref-type="table"}) in diabetic rats treated with hMSCs-UC compared with control rats and the ratio of collagen I/III was obviously reduced as described in detail in the results section. These data suggest that treatment with hMSCs-UC promotes the repair of diabetic foot ulcers.

Supplementary Material
======================
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![Identification of CD44, CD73, and CD90 expression in hMSCs-UC measured by flow cytometry. The percentages were automatically calculated during the measurement.](ijbsv10p0080g001){#F1}

![Representative changes in diabetic foot ulceration between human mesenchymal stem cell in umbilical cord blood (hMSCs-UC)-treated and model control groups. (**A**)-(**C**): the images were collected from 3 (D3), 7 (D7), and 14 days (D14) model control rats, respectively, before treatment with hMSCs-UC; (**D**)-(**F**): the images were taken from the same time points of diabetic model rats after hMSCs-UC treatment. The ulcerate area on foot of diabetic rats was indicated by light blue arrowhead and presented as square millimeter (mm^2^, i.e. long axis × short axis of ulcerate area). The average data were expressed as mean ± SD, *n* = 9 for each group. \**P* \< 0.05 and \*\**P* \< 0.01 vs model control group.](ijbsv10p0080g002){#F2}

![Progressively reduction in the size of diabetic foot ulceration in hMSCs-UC treated model rats during observation compared with model control rats. Data were collected at 3, 7, and 14 days after hMSCs-UC treatment and averaged data were presented as mean ± SD, *n* = 27 for both model control and treated model groups. \*\**P* \< 0.01 vs model control.](ijbsv10p0080g003){#F3}

![The human leukocyte antigen class I (HLA-I) expression in the ulcerate tissue of diabetic model rats. In treated model group, the model rats were treated with human mesenchymal stem cells in umbilical cord blood (hMSCs-UC) for 3 (D3), 7 (D7), and 14 days (D14), respectively, and the HLA-I expression level was examined by RT-PCR analysis and compared with model control rats. (C), (T), and (M) present model control with saline, model treated with hMSCs-UC, and maker, respectively. (**A**): the representative HLA-I protein expression on D3, D7, and D14 of each group. (**B**): Summarized data of HLA-I expression as the fold changes. Average data were expressed by fold changes as mean ± SD and *n* = 9 for each group. \**P* \< 0.05 and \*\**P* \< 0.01 *vs* model control rats.](ijbsv10p0080g004){#F4}

![Morphological changes of ulcerate tissue from diabetic foot between hMSCs-UC-treated model and model control groups. In treated group, the diabetic model rats were treated with hMSCs-UC for 3 (D3), 7 (D7), and 14 days (D14), respectively and the morphological changes, such as inflammatory cells proliferation, newly developed or aged granulation tissue containing newly developed blood vessels (arrows) and fibroblast cells, and simple or stratified squamous epithelium (\*), were examined under light microscope (40×). *n* = 9 for all groups. (**A**), (**B**), and (**C**): D3, D7, and D14 in model control rats, (**D**), (**E**), and (**F**): D3, D7, and D14 in hMSCs-UC-treated model rats. The scale bar in (**F**) presents 40 μm and also applied for all other images.](ijbsv10p0080g005){#F5}

![Histological examination of the collagen type-I expression in diabetic foot between treated model and model control groups. In experimental group, the diabetic model rats were treated with human mesenchymal stem cells in umbilical cord blood (hMSCs-UC) for 3 (D3), 7 (D7), and 14 days (D14), respectively and the collagen type-I expression was examined histologically in all groups. The collagen type-I expression was presented as light-brown (indicated by \*) under the HE staining. The left column was model control groups with D3 (**A**), D7 (**B**), and D14 (**C**) and the right column was hMSCs-UC-treated model group at D3 (**D**), D7 (**E**), and D14 (**F**) after treatment. The scale bar in (**F**) presents 40 μm and also applied for all other images.](ijbsv10p0080g006){#F6}

![Histological examination of the collagen type-III expression in diabetic foot between treated and model control groups. In treated group, the model rats were treated with human mesenchymal stem cells in umbilical cord blood (hMSCs-UC) for 3 (D3), 7 (D7), and 14 days (D14), respectively and the collagen type-III expression was examined histologically in all groups. The collagen protein type-III expression was presented as light-brown (indicated by \*) under the HE staining. The left column was model control groups with D3 (**A**), D7 (**B**), and D14 (**C**) and the right column was model group with hMSCs-UC for D3 (**D**), D7 (**E**), and D14 (**F**). The scale bar in (**F**) presents 40 μm and also applied for all other images.](ijbsv10p0080g007){#F7}

![Histological examination of cytokeratin 19 (CK19) expressions in diabetic foot between human mesenchymal stem cells treated diabetic rats and model control rats. The images from left column (**A**, **B**, & **C**) presents the changes in CK19 expressions at 3 (D3), 7 (D7), and 14 days (D14) of model control rats, and the images from right column (**D**, **E**, & **F**) presents the changes in CK19 expressions at 3 (D3), 7 (D7), and 14 days (D14) after treatment with hMSCs-UC of model rats. The mass or spot expression of CK19 is presented as light-brown (indicated by \* or ▲). The scale bar in (**F**) presents 40 μm and also applied for all other images.](ijbsv10p0080g008){#F8}

###### 

Statistical analysis of functional expression of CK10, CK19, Collagen type-1, and Collagen type-III in diabetic model rats before (model) and after (hMSCs) treatment with Human Mesenchymal Stem Cell from Umbilical Cord Blood (hMSCs-UC).

              CK10        CK19   Collagen type-I   Collagen type-III                                                                                       
  ----------- ----------- ------ ----------------- ------------------- --- --- --- --- --- ------- ------- --- --- --- ------- ------- --- --- --- ------- ---
  **D3**      **hMSCs**   7      1                 1                   0   0   0   0   2   7\*\*   0       0   2   6   1       0       0   1   0   8\*\*   0
  **Model**   7           2      0                 0                   0   1   4   4   0   0       0       7   1   1   0       0       5   4   0   0       
  **D7**      **hMSCs**   8      1                 0                   0   0   0   1   1   7\*\*   0       0   0   1   8\*\*   0       0   0   3   6\*\*   0
  **Model**   7           2      0                 0                   0   2   1   6   0   0       0       0   8   1   0       0       8   1   0   0       
  **D14**     **hMSCs**   7      2                 0                   0   0   0   1   0   1       7\*\*   0   0   0   6       3\*\*   0   0   1   8\*\*   0
  **Model**   7           2      0                 0                   0   0   3   6   0   0       0       0   8   1   0       2       7   0   0   0       

The summary data were compared between hMSCs-UC-treated model rats and model control rats with Wilcoxon rank sum test (*n*= 9). \*\**P*\< 0.01 vs model control. Note: The expression levels of Collagen type-I, type-III, CK10, and CK19 were carefully evaluated. (-): negative expression; (+/-): positive rate of expression \< 25%; (+): positive rate of expression \< 50%; (++): positive rate of expression \< 75%; and (+++): positive rate of expression \> 75%. The numbers listed in this table present the total number of animals with negative or positive result in each group before and after hMSCs-UC treatment.
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